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Investigation of the Reaction Order for
Nucleophilic Substitution of Dialkyl
Methylphosphonates by Alkoxides

D.R. LESLIE, G. J. LONG, and S. PANTELIDIS
DSTO. Materials Research Laboratorv. P.O. Box 50, Ascot Vale, Victoria 3032, Australia

Abstract

The rate of nucieophilic substitution at the phospherus centre of dialkyl methylphosphonates
by methoxide and ethoxide has been studied to investigate the possible involvemnent of hexaco-
ordinated phosphorus species in this reaction. For alkoxide concentrations less than ca. 1.5 M
the rate increases with the square of alkoxide concentration. However, consideration of the ac-
tivity of the alkoxides, represented by an appropriate acidity function, reveals that only one
equivalent of alkoxide is involved in the rate-determining step. Thus, there is no requirement
to invoke the intermediacy of a hexacoordinated species in the reaction pathway. © 1992 John
Wiley & Sons, Inc.

Introduction

Nucleophilic substitution at phosphorus has been extensively studied and
the role of pentacoordinate species, as either intermediates or transition
states in the reaction pathway, is firmly established [1]. According to the ac-
cepted mechanism, substitution is first order with respect to the nucleophile
under most circumstances. However, the potential for the involvement of
hexacoordinate species in substitution of phosphate esters has received at-
tention (2-7], being strongly supported at one time [3]. For the hydrolysis of
methyl ethylene phosphate the proportion of exocyclic cleavage increases
with hydroxide concentration, indicating that the mechanism for formation
of this product has a higher order dependency on hydroxide than does endo-
cyclic cleavage. The change in product distribution may be interpreted as
evidence of the intermediacy of a hexacoordinate species [2]. Support for the
proposal that the role of the second equivalent of hydroxide is to add to the
initially formed pentacoordinate intermediate to form a hexacoordinate spe-
cies may be elicited from mechanistic studies of the base catalysed hydroly-
sis of stable pentacoordinated phosphorus compounds [8-12], and also the
isolation of stable hexacoordinate phosphorus compounds [13,14]. An alter-
nate (favored) rationalization offered for the role of the second equivalent of
base in the hydrolysis of methyl ethylene phosphate was that it deproton-
ates an apical hydroxyl ligand in a pentavalent intermediate (2]. An analysis
of the products obtained when the reaction is performed in '*O labelled water
has demonstrated that hydrolysis in strongly alkaline solutions does not pro-
ceed via a hexacoordinated intermediate [7]. More recently, the involvement
of a hexacoordinated species as a transition state in the reaction pathway
has been excluded [15].

International Journal of Chemical Kinetics, Vol. 24, 851-859 (1992)
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We have observed that the reaction of dialkyl alkylphosphonates in diethyl-
ene triamine/ethylene glycol monomethyl ether/sodium hydroxide exhibits a
high order dependency (ca. 2) on the hydroxide concentration {16). The nu-
cleophile in this reaction is the alkoxide rather than hydroxide, as evident
from the initially formed product. The high order dependency upon alkoxide
concentration suggests that this reaction may involve a hexacoordinated
species. Unlike the hydrolysis of methy! ethylene phosphate, the pentacoordi-
nated intermediate formed by addition of alkoxide to a dialkyi alkyl phos-
phonate does not possess a hydroxyl ligand that may be deprotonated by a
second equivalent of base. The effect of alkoxide concentration on the rate
of reaction of alkoxides with phosphorus esters has not previously been fully
explored, and the apparent second order dependence on alkoxide concentra-
tion may have significant mechanistic implications. A clear demonstration
of nucleophilic substitution at phosphorus that is second order with respect
to the nucleophile, where deprotonation of the pentacoordinated intermedi-
ate is not possible would provide support for the involvement of hexacoordi-
nated species in the reaction. In this work we investigate the reaction of
dialkyl methylphosphonates with alkoxides in the corresponding alcoholi sol-
vent, to determine the order of the reaction.

Experimental

Dimethyl methylphosphonate (Aldrich, >99%) and redistilled commercial
samples of diethyl methyiphosphonate (DEMP), ethyl benzoate and methyl
benzoate were dried over 4A molecular sieves prior to use. The DEMP was
shown to contain ca. 8 mol percent diethyl ethylphosphonate by ¥P NMR.
Stock solutions of alkoxides were prepared by reaction, under nitrogen, of
weighted amounts of sodium metal with absolute ethanol or methanol previ-
ously dried by storage over 4A molecular sieves. The concentration of alkox-
ide was then determined titrimetrically. Dilution of the stock solutions with
the corresponding alcohol provided solutions of varying concentration for
the reaction studies.

Reaction of dimethyl methylphosphonate (DMMP) and DEMP with sodi-
um ethoxide or methoxide respectively was monitored by *'P NMR. Alkoxide
solution (5 ml) was transferred to a 10 mm o.d. NMR tube and equilibrated
at 25°C in a thermostatted water bath or the probe of the NMR spectometer.
The alkoxide/substrate ratio was maintained at ca. 15:1 for ethoxide/DMMP
and ca. 30:1 for methoxide/DEMP reactions. *'P spectra were then acquired
over the course of the reaction for at least 2 half-lives.

NMR spectra were recorded using a Bruker AM-300 Fourier transform
NMR Spectrometer equipped with a BVT1000 variable temperature access-
roy which was used to maintain the sample temperature at 25.0 * 0.5°C for
kinetic experiments. *'P spectra were obtained with inverse gating of 'H de-
coupling to suppress the nuclear Overhauser enhancement (0.8 s acquisition
time, 10.2 s relaxation delay) and were referenced to external 85% phos-
phoric acid. The number of transients acquired for each spectrum depended
on the rate of reaction, with a minimum of 4 for the fastest reactions. A line
broadening of 5 Hz was applied to the spectra during processing. Peak
heights for each species observed were assumed to be proportional to concen-
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tration. The fraction of the substrate unreacted was then caiculated from
its contribution to the total concentration of *'P containing compounds in
solution. The diethyl ethylphosphonate impurity in the DEMP did not inter-
fere with these calculations as the reactant, product and impurity peaks
were all well resolved.

The reaction of ethyl benzoate with sodium methoxide was monitored
by GC. The stirred alkoxide solution (5 ml) was equilibrated at 25°C in
a glass reaction cell under a dry nitrogen atmosphere before the reaction
was initiated by addition of substrate. The methoxide/ethyl benzoate ratio
was ca. 30:1 for each reaction. Aliquots (0.5 ml) were periodically removed
from the cell and added to 1.0 ml of 1 M HCI to quench the reaction. GC
analysis (25 m X 0.25 mm fused silica BP5 capillary column) of the
dichloromethane extract of the quenched sample provided the ratio of sub-
strate to product (methyl benzoate) after correction for the mole response of
the FID detector to each compound. The extent of reaction was then deter-
mined from this ratio.

The pseudo first-order rate constant (k..) for each reaction was calcu-
lated by fitting the fraction of reactant remaining (P,) as a function of time
(¢) to eq. (1) using a least squares procedure which provided values for both
ko, and Po.

1) P, = Pe' *»"

Results

The 3P chemical shifts of the reactants and products of the dialkyl
methylphosphonate/alkoxide reactions measured in various solvents, and lit-
erature values [17] are given in Table I. Although considerable variation of
chemical shifts with solvent change is evident, there is no ambiguity in peak
assignments. The shifts for DMMP and DEMP in each solvent were ob-
tained from authentic samples of these esters. Ethyl methyl methylphospho-
nate (EMMP) is the common product from ethanolysis of DMMP and
methanolysis of DEMP, and is readily identified in the *'P spectra from the
time dependence of its concentration during the alcoholysis reactions (see
below). P chemical shifts in aqueous hydroxide solution for monoethyl
methylphosphonate (MEMP) and monomethy! methylphosphonate (MMMP),
prepared by base hydrolysis of the diesters DEMP and DMMP are re-

TABLE 1. "P Chemical shifts of dialkyl and monoalkyl methylphosphonates (5 ppm, 85%
H1PO, reference).

Chemical Shift
Solvent DMMP EMMP DEMP MMMP MEMP

EtOH 35.30
EtOH/EtO~ 34.56 33.15 31.71 25.84 2441
MeOH . . 33.48
MeOH/MeO~ 36.12 34.68 33.22 26.84 25.41
H,O0/OH" 29.01 27.54

- 32.3-32.6* 29.1-30.0° 28.5°

“From ref. [17].
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ported [18]. The corresponding peaks in the alcohol/alkoxide reaction solu-
tions were identified by observing intensity changes in the *'P spectra
of these solutions after separate additions of aqueous solutions of each
monoester.

Reaction of DMMP in sodium ethoxide/ethanol initiaily yields EMMP
which further reacts to give DEMP as shown in Figure 1. In addition, a
trace (less than 2% of products) of MMMP is formed. Conversion of DMMP
to EMMP with excess ethoxide obeys first order kinetics for at least 3 half-
lifes. Observed pseudo first-order rate constants (k..) for the reaction,
monitored over a range of concentrations are given in Table II. Included in
the table are the second order rate constants (k,) calculated according to
Eq. (2), where k&, is the observed rate when the concentration of alkoxide is
zero. A value for &, of less than 5 X 107 min ' was estimated for ethanoly-
sis of DMMP since EMMP was not detected by *'P NMR (i.e., less than
ca. 0.5%) in an ethanol solution of DMMP maintained at 25°C for 168 h.

(2) k, = (R, — ko)/[alkoxide]

EMMP is slowly formed when DEMP reacts with sodium methoxide, and
in turn reacts with methoxide to form DMMP (Fig. 2). A small amount (less
than 4% of products) of MEMP is also formed. MMMP, which cannot be
formed directly from DEMP, and therefore has no impact on the rate being
determined is also present after long reaction times. Conversion of DEMP
to EMMP with excess methoxide is a first order process. Values of k., and
k; for the reaction of EMMP with sodium methoxide are given in Table III.

o 100 J
-
z
a = 80 1
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Figure 1. Reactant and product concentrations during the reaction of DMMP (0.090 M)
with NaOEt (1.36 M) in ethanol at 25°C.

TABLE II. Rates for reaction of DMMP with sodium ethoxide at 25°C.

sm—

[NaOEt)/M [DMMP}/M kose/(min~' X 1079 k:/(Jt mol ' min”' X 107%
0.68 0.046 1.58 = 0.02 2.32
0.95 0.063 3.13 = 0.07 3.29
1.09 0.072 4.35 * 0.04 3.99
1.22 0.079 5.93 *+ 0.06 4.86
1.36 0.090 7.49 + 0.06 5.51
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Figure 2. Reactant and product concentrations during the reaction of DEMP (0.068 M)
with NaOMe (2.14 M) in methanol at 25°C.

TABLE IIl. Rates for reaction of DEMP with sodium methoxide at 25°C.

[NaOMe|/M [DEMP/M kae/imin ' X 104 k2/Ut mol ' min ' x 107
0.38 0014 1.66 = 0.04 4.36
0.57 0.021 2.96 * 0.03 5.19
0.76 0.027 4.85 = 0.04 6.38
0.96 0.034 6.71 » 0.1 6.99
1.15 0.041 10.0 = 0.2 8.69
1.48 0.049 16.2 = 0.1 10.9
1.93 0.062 38.7 + 0.2 20.1
2.14 0.068 598 + 09 279

For this reaction, ko was estimated as less than 5 X 10"7 min ' (less than
0.5% reaction after 168 h at 25°C).

The alcoholysis of ethyl benzoate in sodium methoxide/methanol adhered
to pseudo first order kinetics for at least 3 half-lifes. Rate data for this reac-
tion are summarized in Table IV.

Discussion

The consistent increases in %k, with increasing alkoxide concentration for
the dialkyl methylphosphonate/alkoxide reactions indicate that these reac-
tions are not first order with respect to alkoxide concentration. However,
when k., is plotted against {alkoxide]* good linear correlations are obtained
for alkoxide concentrations below ca. 1.5 M (Figs. 3 and 4), suggesting the
reactions are second order with respect to alkoxide. The DEMP/methoxide

TABLE IV. Rates for reaction of ethyl benzoate (EB) with sodium methoxide at 25°C.

[NaOMe)/M [EBY/M koue/(min™")
0.20 - 0.007 0.056 + 0.001
0.39 0.014 0.140 * 0.001
0.59 0.021 0.200 = 0.008
0.81 0.028 0.325 = 0.006

101 0.036 0.499 = 0.008
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Figure 3. Rate of reaction vs. [alkoxide|” for reaction of DMMP with NaOEt (corr. coeff.
for least squares fit = 0.997).
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Figure 4. Rate of reaction versus [alkoxide]* for reaction of DEMP with NaOMe (least
squares line for [NaOMe) < 1.5 M, corr. coeff. = 0.999).

reaction was studied at two higher methoxide concentrations, and the reac-
tion rates greatly exceeded the values predicted by the linear correlation
evident at the lower concentrations. Thus, it is unclear whether the nucle-
ophilic substitution at phosphorous by alkoxide, exemplified by the reactions
under study are second order with respect to alkoxide.

The use of reactant concentrations when determining reaction order is an
expedient, valid only if the activity coefficient of the species is invariant
with concentration. Acidity functions, which are empirical scales that quan-
titate the activity of an acid or base as a function of concentration or solu-
tion composition have been determined for strongly basic solutions,
including alkoxide/alcohol solutions [19]. The Hwy function (Eq. (3)), in which
pKGsu is the ionization constant for a weak acid (SH) in methanol and y rep-
resents an activity coefficient, provides a measure of the ability of methox-
ide to abstract a proton from a neutral species in methanol solution.

3 Hy = —logi(an+ ys-/ysu) = pKsu + logi([S~}/[SH)
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Such scales are constructed by measuring the ratio {S ]/{SH], usually spec-
trophotometrically, and combining with the appropriate value of Ksu. The
relationship between Hy and methoxide activity is more clearly demon-
strated when the substitution:

ay+ = Kuameon/ameo -

in which Ky is the equilibrium constant for autoprotolysis of methanol, is
made in Eq. (3) to give:

(4) Hu = logu(amer ) — logio(@meon Kn) — logrol ys- /ysu)

The relationship between Hy and the pseudo first-order rate constant
(koe) for an S# reaction, represented by Eq. (5) is given by Eq. (6), in which
y» is the activity coefficient of the transition state (#) in the rate determin-
ing step [19]. In this analysis, the attainment of the equilibrium in Eq. (5) is
assumed to be rapid and to favor the reactants.

(5) MeO + RX == [MeO-R--X]" — MeOR + X~
6) logiok e = l0gio(koKyu) + Hu + logio{(@meon yrx ¥s-)/(ysuya)}

Thus, provided the activity coefficient term in equation 6 is independent of
methoxide concentration, a linear correlation between log(k..) and Hy,
with unit slope will result.

Linear correlations of log,;(k.s) for nucleophilic substitution at carbon
with Hy have been reported, although slopes are less than the predicted
value of 1 [20]. The variation in the slope was interpreted as a function of
the difference in the solvation of RX and # compared to that for the indicator/
conjugate base pair used to construct the Hy scale. Log(k.) for the reaction
of DEMP with methoxide exhibits a linear dependence upon Hy, with a
slope of 0.88 (Fig. 5(a)). We use the Hy function constructed from equilibria
for the deprotonation of substituted aniline and diphenylamine indicators
[21] in this work, after correction for the incorrect value of Ky used in its

0.0 T T
(b)

- -10¢f .
- (c)
g
g
~ -20¢t 4
3
X (a)
o
- -30} .
2

-4.0 1 I S

16 17 18 19

Hy
Figure 5. Logo(kae) v8. Hy for reaction of: (a) DEMP with NaOMe (least squares gradi-
ent = 0.876, corr. coeff. = 0.998); (b) Ethyl benzoate with NaOMe (gradient = 0.857, corr.
coeff. = 0.988); and (c) DMMP with NaOEt (gradient = 0.963, corr. coeff. = 0.999).
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original calculation {19]. The linear relationship between logio(k.e) and Hy
for the DEMP/methoxide reaction, with its near unit gradient clearly
demonstrates that nucleophilic displacement at phosphorus by methoxide is
first-order with respect to methoxide. This interpretation is supported by
rate data obtained for the alcoholysis of ethyl benzoate in sodium methoxide/
methanol solutions (Table III). The BX: mechanism is well established for
base catalysed substitutions at carbonyl centres, and the reaction is first or-
der with respect to methoxide [22]. A plot of logytk..) against Hy for the
ethyl benzoate/methoxide reaction yields a straight line with a slope of 0.86
(Fig. 5(b)), which is virtually identical to the slope for the DEMP/methoxide
reaction.

Values for Hy, the acidity function for ethoxide/ethanol solutions analo-
gous to Hy, have not been reported, hence the relationship between
logio(k.) and He cannot be established. However, the limited data available
for ethanoxide/ethanol acidity functions indicate that the concentration de-
pendence of ethoxide activity is similar to that of methoxide [23-25]. At the
same concentration of alkoxide, the acidity function for ethoxide in ethanol
is 2.1 to 2.2 units greater than that of methoxide in methanol {23). A plot of
logio(&.) for the reaction of DMMP with ethoxide vs. Hy (i.e., the methox-
ide activity scale) should be linear with unit gradient if the reaction is first
order with respect to ethoxide provided H;: and Hy exhibit a similar concen-
tration dependence. The plot of our data for this reaction exhibits a linear
relationship between logi(ks) and Hy with a gradient of 0.96 (Fig. 5(c))
confirming the first order dependency of the reaction upon ethoxide.
Thus, nucleophilic substitution of dialkyl methylphosphonates in alcohol
solutions by alkoxides has been shown to be first order with respect to the
nucleophile.

Conclusions

Despite the linear correlations between k.., and [alkoxide]? obtained for
reactions of DEMP with sodium methoxide and DMMP with sodium ethox-
ide at [alkoxide] less than 1.5 M, these reactions do not involve 2 equivalents
of alkoxide in the rate determining step. For both reactions, the rates have
been shown to be linearly dependent upon the activity of the alkoxide, as
represented by an appropriate acidity function. There is therefore, no re-
quirement to invoke the involvement of hexacoordinate species to explain
the high order dependency of the reactions upon alkoxide concentration.

Bibliography

{1} G.R.J. Thatcher and R. Kluger, Adv. Phys. Chem., 28, 99 (1989).

{2] R. Kluger, F. Covitz, E. Dennis, L. D. Williams, and F. H. Westheimer, J. Amer. Chem.
Soc., 91, 6066 (1969).

(3] P. Gillespie, F. Ramirez, I. Ugi, and D. Marquarding, Angew. Chem. Internat. Ed., 12, 91
(1973).

[4) D.G. Gorenstein, and K. Taira, J. Amer. Chem. Soc., 104, 6130 (1982).

[5] K. Taira, T. Fanni, and D.G. Gorenstein, J. Org. Chem., 49, 4531 (1984).

[6]) R. Kluger and G.R. J. Thatcher, J. Amer. Chem. Soc., 107, 6006 (1985).

[7] R. Kluger and G.R.J. Thatcher, J. Org. Chem., 51, 207 (1986).

(8] F. Ramirez, K. Tasaka. and R. Hershberg, Phosphorus, 2, 41 (1972).




INVESTIGATION OF THE REACTION ORDER 859

19} F Ramirez, G.V. Lowengart, E. A. Tsolis, and K. Tasaka. J Amer. Chem. Soc., 94, 3531

(1972).

110] W.C. Archie and F H. Westheimer, J. Amer. Chem. Soc.. 95, 5955 (1973).

[11] R.A. McClelland, G. Patel. and C. Cirinna, J Amer. Chem. Soc., 103, 6432 (1981).

{12) A. Queen, A.E. Lemire, and A F Janzen, Int. J. Chem. Kinet., 13, 411 (1981).

{13) F Ramirez, V.A.V. Prasad, and J. F. Maracek, J. Amer. Chem. Soc., 98, 7269 (1974).

(14} D.B. Denny, D.Z. Denny, P.J. Hammond, and Y.-P. Wang, J. Amer. Chem. Soc.. 108, 1785
(1981).

115} R. Kluger and S. D. Taylor, J. Amer. Chem. Soc., 113, 5714 (1991).

{16] D.R. Leslie, WT. Beaudry, and L. L. Szafraniec. unpublished resuits.

1171 V. Mark, C. H. Dungan, Crutchfield. and J.R. Van Wazer, in Topics :n Phosphorus Chem-
istry, Vol. 5, M. Grayson and E.F. Griffen, Eds., Interscience, 1967, Chap. 4.

{18) R.F. Hudson and L. Keay, J. Chem. Soc., 2463 (1956).

{19} C. H. Rochester, Acidity Functions, Academic Press, New York, 1970.

120] F. Terrier and R. Schaal, C.R. Acad. Sci., Paris, Ser. C, 264, 465 (1967).

121} R.A. More O'Ferrall and J. H. Ridd, J. Chem. Soc., 5030 (1963).

[22) J. Koskikallio in The Chemistry of Carboxylic Actds and Esters, S. Patai. Ed.. Wiley,
London, 1969, Chap. 3.

{231 V. Gold and J. Toullec, J.C.S. Perkin 2, 596 (1979).

124} K. Bowden and R. Stewart, Tetrahedron, 21, 261 (1965).

[25] D.J. Kroeger and R. Stewart, Can. J. Chem., 45, 2163 (1967).

Received September 23, 1991
Accepted April 15, 1992

- =~ eI ALYTY INBPECTED 8

| Aecession Far ey

UHTIS  JRAMI -
DTIC TAB a
Unannounasd a

i Juatifisatien

By
Duwzbn‘.}qu/
Aweilabllity OGodes
itvail and/or
Dist 1 Special

pliat]

-




